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Abstract: 
An attempt is made here to revisit structure formation in a proto-stellar cloud during the early 
phase of evolution. Molecular cloud subjected to a set of various initial conditions in terms of 
initial temperature and amplitude of azimuthal density perturbation is investigated numerically. 
Special emphasis remained on the analysis of ring and spiral type instabilities that have shown 
dependence on certain initial conditions chosen for a rotating solar mass cloud of molecular 
hydrogen. Generally, a star forming hydrogen gas is considered to be initially at 10K. We have 
found that a possible oscillation around this typical value can affect the fate of a collapsing cloud 
in terms of its evolving structural properties leading to proto-star formation. We explored the 
initial temperature range of cloud between 8K to 12K and compared physical properties of each 
within the first phase of proto-star formation. We suggest that the spiral structures are more 
likely to form in strongly perturbed molecular cores that initiate their phase of collapse from 
temperatures below 10K. Whereas, cores with initial temperatures above 10K develop, instead of 
spiral, a ring type structure which subsequently experiences the fragmentation. A transition from 
spiral to ring instability can be observed at a typical initial temperature of 10K.  
ISM: clouds, hydrodynamics stellar dynamics (stars:) binaries: general stars: low-mass, brown dwarfs 
methods: numerical 
Initial conditions (ICs), Tree gravity code (TGC), Smoothed particle hydrodynamics (SPH),   
Self-gravitating fragment (SGF) 
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 1. Introduction: 
Molecular clouds host the formation of 
variety of proto-stars among which         
low-mass proto-stellar systems have ever 
remained as a class that requires special 
attention. This is mainly due to their 
unavailability for any astronomical 
observation as these systems during their 
initial phases of evolution hardly radiate and 
they grow inside a thick envelop of gas and 
dust that keep their secrets alive. However, 
for the last two decades, these star forming 
regions have been analyzed in some details 
through indirect indicators such as CO and 
NH3 emission lines observation (Maddalena 
et al., 1986; Bally et al., 1987). The CO 
emission line from dark clouds in the Orion 
(Bally et al. 1987) and Taurus (Ungerechts 
& Thaddeus 1987) have given indications of 
filamentary and clumpy structures in the 
interstellar gas clouds. Similarly, the 
elongated shapes resembling prolate 
ellipsoids are found in most of the molecular 
cloud cores (Myers et al. 1991). This has 
revealed the structure along with other 
fundamental properties of these dark regions 
of interstellar medium. For instance, it has 
been found that the pre-stellar cores exist in 
various outer radii, and they differ 
significantly in their central density and 
temperatures (Stamatellos et al. 2007). It is 
assumed that these variations in thermal  
properties from core to core are dependent 
on their exposure to radiation field lurking 
around due to presence of other stars in the 
vicinity (G. Duchˆene et al., 2007).  In the 
present paper we concentrate on a numerical 
model to investigate the possible effects of 
such thermal changes that can have 
implications on the overall evolution of 
these pre-stellar cores that when undergo 
self-gravitational collapse may give birth to 
low-mass multiple proto-stellar systems. 
Numerical scheme has emerged in the recent 
past as the most powerful tool to explore the 
phenomena of star formation. The numerical 
model can efficiently follow the dynamical 
collapse of rotating pre-stellar cores that 
eventually after passing through the free fall 
time show fragmentation hence giving birth 
to multiple proto-stellar systems which 
could be in form of binaries, triplets, 
quadruples, etc. Numerical studies have also 
proposed various other formation 
mechanisms that lead to such systems of 
low-mass gravitationally bound objects 
(Whitworth et al., 2007).  Since we are 
interested here in the study of formation of a 
quadruple system under various possible 
thermal states, hence we select a set of 
models of cloud with mode m = 4 taking 
into account the rotationally-driven 
fragmentation scenario. Although as 
described above, an  m = 2 mode suits more 
when it comes to model the molecular cloud 
cores due to their elongated shapes but it has 
been assumed here that along with elongated 
structures some spheroidal oblate cores may 
form as well.   
2. Brief note on the code: 
GRADSPH is a parallel SPH code in 
FORTRAN 90 based on a Tree Code 
Gravity (TCG) method for evolving 
originally 3-D self-gravitating astrophysical 
fluids. Following (Gingold and Monaghan, 
1977) the set of key equations of motion and 
energy of SPH particles are described as  
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An iterative approach based convergence 
criterion is followed in updating the 
smoothing length during the evolution. This 
ensures a constant mass within the 
smoothing sphere of each particle 
throughout simulation even under extreme 
density gradients. 
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where,         . 
The code updates the particles properties on 
their own time step by utilizing the 
predictor-corrector scheme. Barnes-Hut tree 
is used for treating self-gravity and updating 
the neighbor list of the particles. Cubic 
spline kernel is used to soften the gravity 
and the following form for gravitational 
acceleration of particle ‘i’ is used. 
 
      ∑
  
 
 
   
[ (      )   (      )]    
  
 
 
 ∑ *
 
 
  
  (      )   
 
 
  
  (      )+
 
   
 
                                                                 
where, 
       
   
   
 ∑   
 
   
  (      )
   
       
 
     
   
   
 ∑   
 
   
  (      )
   
      
 
In the above equation  (      ) represents 
the softened gravitational potential of a 
particle and the derivatives of   with respect 
the smoothing length are used in GRADSPH 
directly from the tabulation given in (Price 
& Monaghan, 2007). The opening angle for 
gravity computation is set to θ = 0.7. A set 
of time-dependent artificial  viscosity  terms  
α = 1.0 and β = 2.0 is also used in the code 
while treating the short-range forces. A 
further detailed description of the code along 
with its ability to reproduce certain bench 
mark cases related to fluid dynamical 
phenomena that depicts efficiency of the 
code can be found in (S. Vanaverbeke et al., 
2007).  
3. Models Description: 
It is believed that a very low-level 
turbulence i.e. Eturb/Egrav ~ 5% of initial core 
can result the formation of a multiple system 
(Commerçon et al., 2008). We in the present 
effort, however, have considered only the 
effect of rotation and neglected any possible 
role of turbulent fragmentation (Kevin L. 
Luhman, 2012) and a magnetic field effects 
(Alan P. Boss et al., 2000) on the 
development of the system as a whole. This 
is done merely for the sake of simplicity of 
our models. We select certain cloud 
parameters that remain constant in each of 
the models considered. For instance, mass of 
the cloud is selected as M = 1Mʘ, radius of 
the cloud is R = 5 x10
16 
cm, rigid body 
rotation assigned to the core is                     
ω = 7 x 10-13 rad/s. Cloud chemistry follows 
mean molecular weight μ=3. Identical 
uniform initial density of cloud as                
ρ = 3.8 x 10-18 g/cm3 is being considered. 
The two dimensionless parameters α & β 
representing the ratios of thermal energy to 
gravitational energy, and rotational energy 
to gravitational energy; respectively are 
described as 
    
 
 
   
     
       
 
  
 
 
 (
    
  
)        
In this present study the ratio of thermal to 
gravitational energy varies according to the 
selected values of temperature in models, 
whereas ratio of rotational to gravitational 
energy remains constant in each model        
as β = 0.16. The mean freefall time          
derived from relation         ⁄      is       
tff = 1.07 x 10
12
s. 
An azimuthally perturbed density of 
amplitudes A = 10% and 25% with mode    
m = 4 are introduced in the uniform cloud. 
The physical parameters used in models are 
converted into dimensionless forms 
following G = M = R = 1. In order to 
effectively capture the thermal behavior of a 
gas, we have used the barotropic equation of 
state. This makes the simulation of rotating 
cloud more physical. (Tohline, 1982) and  
(Masunaga & Inustsuka, 2000) described 
that it is possible to approximate the core 
without resolving the radiative transfer. 
Hence, the corresponding pressure of gas 
and sound velocity are determined as 
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Where ρcrit = 5 x 10
-14
 g/cm
3
 , c_iso is the 
isothermal sound speed, and γ = 5/3 . 
(Bate and Burkert, 1997) showed that to 
avoid artificial fragmentation during 
collapse of a cloud, simulations must follow 
a resolution criterion. This imposes a limit to 
the minimum number of SPH particles used 
in a collapse test (B. Commercon et al., 
2008). The mass within the smoothing 
sphere Msph must always be less than the 
local Jeans mass. The Jeans mass is 
 
     
        
 
        
        
and the minimum resolvable mass (mass 
within the smoothing sphere) is                
MRes = 2NN m, where NN is the neighbor 
count for every SPH particles here chosen as 
50. This is achieved by introducing a new 
subroutine into the original GRADSPH code 
that guarantees a constant neighbor count for 
every SPH particle. Following (Arreaga et 
al., 2007) the Jeans condition can be related 
to the maximum mass of SPH particle. This 
limit for ρ = ρcrit becomes: 
           
 
 
     
 
         
 
  
 
 
        
 
With M0 = 1Mʘ, the critical number of SPH 
particles essential to resolve fragmentation 
can be estimated as Np > M0/mmax. The 
assumption that once the Jeans criterion is 
satisfied at critical density it will continue to 
be so all the time in the entire domain of 
simulation certainly needs a revisit. We, 
however, stick to the consideration that as 
the gas experiences a phase transition from 
isothermal to adiabatic; the adiabatic Jeans 
mass behaves as an increasing function of 
density. Thus the Jeans mass remains above 
the mass contained within smoothing sphere. 
Although there exists a decrease in Jeans 
mass while the collapsing gas remains 
isothermal but as the phase transition from 
isothermal to adiabatic regime occurs, the 
value of Jeans mass starts increasing. 
It is important to mention that the assuming 
initial isothermal state of collapsing cloud 
till the gas reaching the critical density is not 
a very good approximation as recent studies 
have revealed that the temperature in 
collapsing clouds can vary by as much as a 
factor of 2 or more above and below the 
usually assumed constant value of 10K 
(Larson, 2005). In the present study, we 
have not adopted this possible variation of 
temperature during the initial phase of 
collapse and each cloud   considered in    our  
models remained in isothermal state until the 
adiabatic regime takes over. However,  
 
initiating collapse models with a range of 
constant initial temperatures from 8K to 12K  
by a difference of 2 tries to consider the 
factor of such change in a rather crude 
sense. We try to address the transition from 
phase of different isothermal states of cloud 
i.e. (8K → 12K) to an adiabatic state. 
In each of our models we used number of 
SPH particle NSPH = 250025 that though 
gives relatively a medium resolution but yet 
falls well inside the Jeans mass criterion 
described above according to which a 
certain minimum number of SPH particles 
must be used to rule out any possibility of 
artificial fragmentation. 
To study the characteristic of proto-stellar 
disk formed as a result of collapse of self-
gravitating molecular cloud in each of our 
models we used Toomre Q-parameter 
analysis (Toomre, 1964) according to which 
thin disks are unstable to fragmentation if 
the Q-parameter takes value smaller than 
unity, where the parameter itself is defined 
as 
  
  
   
       
 
where, c is the sound speed,   is the 
epicyclic frequency, and   is the surface 
density. For column density plots mentioned 
in the paper, we used an open sourceSPH 
data visualization tool ‘SPLASH’ (Price, 
2007). 
 
 
 
 Fig.1- Snapshots of column density viewed parallel to the rotation axis during the evolution of collapse of cloud for 
models M1, M2, M3 (first row) and for models M4, M5, M6 (second row). The dimensions of each square for       
xy-plane follow dimensionless units as 0.1 x 0.1. Color coded bar in each panel follows log(ρ) in dimensionless 
units. Time in each panel is shown in units of t/tff. Each calculation was performed with 250025 SPH particles.  
 
 
Fig.2 - Snapshots of column density viewed orthogonal to the rotation axis during the evolution of collapse of cloud 
for models M1, M2, M3 (first row) and for models M4, M5, M6 (second row). The dimensions of each square for      
xz-plane follow dimensionless units as 0.1 x 0.05. Color coded bar in each panel follows log(ρ) in dimensionless 
units.  Time in each panel is shown in units of t/tff. Each calculation was performed with 250025 SPH particles. 
 
 
 
Fig.3 -  From top to bottom the left and right columns represent Q-parameters values against cloud radius (r) in 
dimensionless units for set of models  M1, M, M3 and M4, M5, M6; respectively. 
 
  
        
Fig.4:  The time evolution of maximum density of the collapsing cloud for models M1, M2, M3 (on the left), and for 
models M4, M5, M6 (on the right). The free fall time of the initial cloud, tff = 1.07 x 10
12 
s (i.e. 33,968.253 yrs). 
Each calculation was performed with 250025 SPH particles.  
       
 
 
 
                                                                
Fig.5:  The time evolution of maximum temperature of the collapsing cloud for models M1, M2, M3 (on the left), & 
for models M4, M5, M6 (on the right). The free fall time of the initial cloud, tff = 1.07 x 10
12 
s  (i.e. 33,968.253 yrs). 
Each calculation was performed with 250025 SPH particles. 
 
 
  
 
Fig.6 – Snapshots of column temperature viewed parallel to the rotation axis for the final state of evolution of cloud 
for models M1, M2, M3 (first row) and for models M4, M5, M6 (second row). The dimensions of each square for 
xy-plane follow dimensionless units as 0.1 x 0.1. Color coded bar in each panel follows log(T) in dimensionless 
units. Fragmentation inside a circle indicates highest thermal region.  Each calculation was performed with 250025 
SPH particles. 
 
Table1: Summarizing physical parameters and respective results for models. The radius, mass, and initial density of 
cloud for each models remain constant as 5 x 10
16 
cm, 1Mʘ, 3.8 x 10
-18 
g/cm
3
; respectively. 
 
Model Tempinit. 
T (K) 
Sound speed  
c_iso (km/s) 
Parameter       
(α) 
Perturbation 
amplitude A(%) 
Structure 
evolution 
M1 08 0.148 0.207 10 Spiral → Ring 
M2 10 0.165 0.259 10 Spiral → Ring 
M3 12 0.181 0.311 10 Ring 
M4 08 0.148 0.207 25 Spiral 
M5 10 0.165 0.259 25 Spiral → Ring 
M6 12 0.181 0.311 25 Ring → SGF 
 
 
  
Table2: Summarizing the maximum evolution time, respective maximum density and temperature attained by the 
cloud for collapse models. 
 
Model M1 M2 M3 M4 M5 M6 
tmax 
(yrs) 
 
46911.303 
 
48603.686 
 
51602.054 
 
45865.450 
 
47919.127 
 
51824.536 
ρmax 
(g/cm
3
) 
 
4.2014x10
-12 
 
5.0317x10
-12 
 
3.1303x10
-12 
 
1.3980x10
-11 
 
3.9981x10
-12 
 
5.1902x10
-12 
Tmax    
(K) 
 
263.4980 
 
370.0559 
 
326.8536 
 
577.4594 
 
318.8839 
 
453.0717 
 
 
4. Result & Discussion:
Ring formations at the very center of a 
rotating molecular cloud that may lead to 
fragmentation have already been reported by 
many authors (Leonardo Di G. Sigalotti, 
1993). Growth of structure in form of spiral 
due to spontaneous symmetry breaking and 
ring because of the accretion shock in a self-
gravitating molecular cloud are found in this 
study also dependent on initial thermal state 
of the system as described in Fig. 1 and    
Fig. 2; and summarized in table 1.  
Comparing models in Fig. 1 in the context 
of different initial thermal states i.e.        
(8K, 10K, & 12K); respectively it can 
realized that fragmentations can be merged 
together only when cloud starts its collapse 
from an initial relatively lower temperature 
state such as 8K, otherwise, the thermal 
support of initial 10K or above may restrict 
fragmentations to come closer hence ruling 
out any possibility of merging of 
fragmentations during later evolution of the 
cloud. This trend gets even stronger when 
amplitude of perturbation is enhanced. 
Models with higher initial thermal state are 
found responsible for producing ring 
instability which later on hosts the process 
of fragmentation.  It is also observed that the 
higher initial thermal state models show a 
longer duration for which the ring structure 
remains intact before being disrupted to 
form individual self-gravitating fragments as 
can be seen in last column of Fig.1. 
In the two sets of models (M1 → M3) and 
(M4 → M6) which can be classified with 
respect to the specific amplitude of 
azimuthal density perturbation (A) of 
strength 10% and 25%; respectively, it can 
be seen that an increase in speed of 
evolution in terms of attained values of 
maximum density and temperature can be 
observed as we shift from weak to strong 
case of perturbation. This can be seen in  
Fig. 4 and Fig.5; respectively which also 
individually infer a delay in collapse if a 
selected value of initial temperature is 
shifted from 8K to 12K. This has further 
summarized in table.2. This occurs mainly 
due to thermal support that a cloud has 
against the gravitational force when 
relatively strong initial thermal state 
prevails. 
A comparison of models M1 and M4 in the 
first column of Fig. 1 has proved that the 
strength of initial amplitude of azimuthal 
density perturbation is also a key factor in 
defining the type of gravitational instability 
that is likely to appear in collapsing clouds. 
It has been found that weaker amplitude 
facilitates ring instability while a stronger 
results in spiral type instability. It can be 
argued that model M4 is not evolved as 
much as model M1 but considering the 7 
order of magnitude rise in initial density of 
model M4, it can be speculated on 
reasonable ground that there exists hardly 
any chance of ring instability to come into 
play even at the later stage of collapse. 
Considering the total mass of the cloud 
selected for the set of models in this study, 
we can expect that in the later part of 
evolution none of the fragments will ever 
acquire enough mass from the accretion 
reservoir and hence would eventually 
become a sub-stellar object as described in 
earlier studies of low-mass proto-star 
systems (Lee et al., 2009). 
Spirals resulted in models of low initial 
temperature with strong amplitude of 
density perturbation are tightly wound, 
while those associated with weak amplitude 
of perturbation are relatively open. 
Similarly, the formation of large spiral arms 
is promoted in cloud that has an initial low 
thermal state, and the phenomenon gets 
stronger if relatively strong initial amplitude 
of perturbation is assigned. 
In case of a cloud at 10K, the spiral wave 
pattern appears first which then later on host 
the ring structure within itself. As the cloud 
collapses further, the inner part i.e. the ring 
structure becomes dominant and the outer 
spiral train gradually fadeout leaving 
insignificant traces as represented in second 
column of Fig.1 
Mass sharing among fragments at the later 
stages of collapse can be seen generally in 
all the initial thermal state models that 
follow initially strong amplitude of 
azimuthal density perturbation. However, at 
the final stage of model M1 (a case of 
initially weak amplitude of azimuthal 
density perturbation) the primary fragments 
exhibit mass sharing and an unusually 
appeared ring structure that surrounds the 
primary fragmentations also shows tendency 
to produce secondary fragmentation within 
itself as can be observed in last panel of the 
model M1 of Fig.1. A further investigation 
is indeed needed here to explore the 
possibility of any mass sharing between the 
primary and secondary fragmentations. 
Secondary fragmentation also occurs in case 
of model M4 with a much higher 
temperature value as compared to other 
primary fragmentations. This can be seen in 
second row and first column of Fig. 6. 
Spiral waves are the effective means of an 
outward angular momentum transfer during 
early phase of evolving disk that 
accumulates mass from the parent cloud. 
Similarly, the development of ring 
instability at the central region of the cloud 
when undergoes the process of 
fragmentation may also transform initial 
spin angular momentum of the cloud into 
orbital motion of self-gravitating fragments. 
In this context, we propose that the initial 
thermal state of molecular cloud is important 
enough to determine which mechanism of 
angular momentum transfer is adopted by 
the self-gravitating cloud as there are 
specific models which develop specific 
instability under given specific initial 
thermal states. 
The development of spiral or ring instability 
has profound effects on the Q-parameter 
profile of the evolving disk. A sharp dip in 
Q-parameter values measured against radius 
of evolving cloud is observed and found as 
an indication of occurrence of spiral 
instability as can be seen in first row of   
Fig. 3 while rest of the panels show  no such 
transient in Q-profile which in general 
remained as an indication of transformation 
from spiral to ring instability. 
A rise in initial cloud temperature of even 
2K from a conventional value of 10K can 
affect the evolution of cloud as ring 
instability arrives much earlier than primary 
fragmentation.  Also as the disk stretches 
further, the ring density increases along with 
an obvious decrease in Toomre's                
Q-parameter values. This gives rise to the 
possibility of fragmentation within the ring 
itself.    
In case of models with low initial thermal 
states, the gravitational instability arrives 
much closer to the center of the disk and a 
substantial outer portion of the disk 
remained stable against any type of 
instability which means that no effective 
heating due to gravitational instability is 
present in this part of the disk. This trend, 
however, has not been observed in higher 
initial thermal state models in which spiral 
or ring instability is experienced by the disk 
at much larger radii as can be analyzed in 
Fig.3.    
Q-parameter for ring instability in Fig. 3 is 
also inferring the severity and the time of 
occurrence of centrifugal bounce 
experienced by the collapsing cores. No 
matter which amplitude of perturbation 
(weak/strong) is introduced, the centrifugal 
bounce is generally remained as a feature of 
molecular core having 12K as initial 
temperature as can be seen in last row of 
Fig.3. However; cores with initial 
temperature of 10K experience the bounce 
back phenomenon at the later stages of 
collapse when spiral instability is 
transformed into ring instability as indicated 
in second row of Fig.3. An exception, 
however, is observed for the case of an 
initially 8K core which gives birth to ring 
instability at the later part of evolution but 
only when assigned weak amplitude of 
azimuthal density perturbation. A 
quantitative analysis further infers that the 
collapsing cores in models M2, M3, M5 and 
M6 that have higher initial thermal states 
along with both weak and strong amplitudes 
of azimuthal density perturbations undergo 
centrifugal bounce at Q-parameter value 
well below unity and in some cases quite 
close to zero. Interestingly, when collapsing 
core in model M1 experiences the bounce 
back at a later stage of collapse then the     
Q-parameter value is found again fairly 
close to zero (see the first row last panel of 
Fig. 3).  
Irrespective of strength of initial amplitude 
of azimuthal density perturbation, an 
increase in initial temperature of molecular 
cloud from 8K to 12K results in much wider 
disk formation (for comparison see Fig. 2).        
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